Introduction
Breast cancer (BC) remains the principal cause of cancer-related deaths in the People's Republic of China 1 and the second most common cause of cancer-related deaths worldwide. 2 Neoadjuvant chemotherapy (NCT), which is increasingly offered to BC patients, may be used to downstage the primary tumor to enable breast-conserving surgery (BCS) and evaluate tumor chemosensitivity. 3, 4 Several studies have found that BC patients who attain pathologic complete response (pCR) after NCT exhibit improved survival. 5, 6 However, only 5%-38% of BC patients achieve pCR, 7 meaning that the majority (who cannot attain pCR) have a higher risk of death and relapse. Therefore, the development of a practical tool for predicting survival in BC patients after NCT is necessary.
Currently, the eighth edition of the American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging system is widely used for cancer prognosis. In this system, patients with nonmetastatic BC are stratified by tumor size, invasion, and the extent of lymph node (LN) involvement. However, survival of BC patients after NCT varies greatly, even within the same stage. Some clinicopathological factors such as age, estrogen receptor (ER) status, histological grade, Ki67 status, and lymphovascular invasion (LVI) have been reported to be significantly associated with survival for BC patients treated with NCT. [9] [10] [11] [12] Therefore, the integration of an increased number of independent risk factors enables a practical tool to predict survival more accurately.
Nomograms are widely accepted as reliable tools in medicine, mainly because of their ability to provide an individual probability of an event by incorporating the important prognostic predictors. 13 A nomogram, which is a user-friendly graphical prediction tool, could be used to obtain a numerical likelihood of an event, such as disease-free survival (DFS), for an individual patient.
14 Nomograms have been shown to enable more accurate prediction for individual patients in diverse types of tumors, including extranodal NK/T-cell lymphoma, ovarian cancer, salivary gland cancer, BC, nonsmall-cell lung cancer, and nasopharyngeal carcinoma. [15] [16] [17] [18] [19] [20] [21] However, prognostic nomograms for predicting survival and risk stratification in BC patients after NCT are scarce.
Therefore, the aim of this study was to establish a novel prognostic model incorporating the important clinicopathological variables for predicting DFS and risk stratification in BC patients after NCT.
Patients and methods

Patients and study design
A retrospective study was conducted, involving a training cohort of consecutive female BC patients who received NCT from August 2002 to December 2014 at the Sun Yat-sen Memorial Hospital (SYSMH) of Sun Yat-sen University. The eligibility criteria were as follows: 1) diagnosis with primary BC before NCT; 2) initial diagnosis without distant metastasis; 3) at least three cycles of NCT regimens before surgery; and 4) BCS or modified radical mastectomy.
On the basis of the same eligibility criteria, another independent cohort of consecutive female BC patients who had undergone NCT at the First People's Hospital of Foshan (FPHF) between January 2009 and December 2011 were recruited as an external validation set. The following relevant medical information was retrospectively collected: demographic features; tumor-related characteristics (tumor size, extent of LN involvement, pathological type, histological grade, LVI, Ki67 status, ER status, progesterone receptor (PR) status, and HER2 status); treatment-related data (type of operation, NCT regimen, and pCR); and clinical outcome. The institutional review boards of SYSMH and FPHF approved this study. The requirement for informed consent was waived because of the retrospective nature of the study. We confirmed that the data from all the patients were anonymized in this study.
Pathological assessment
Pathologic TNM staging was performed using the AJCC TNM staging system, and pCR was defined as an absence of residual invasive carcinoma in both breast and LNs. [10] [11] [12] 22, 23 ER, PR, and Ki67 statuses were evaluated by immunohistochemistry (IHC), which was conducted on formalin-fixed, paraffin-embedded tissue sections. The cutoff values for ER and PR expression (+) were set as 1%. 24 HER2 status was estimated using IHC and/ or fluorescence in situ hybridization (FISH). HER2 expression (+) was considered as 3 (+) by IHC or amplification identified by FISH. 25, 26 Ki67 status was classified as low expression (Ki67≤14%) or high expression (Ki67>14%). 27 Hormone receptor (HR) expression (+) was determined as either ER+ or PR+, and both ER-and PR-were defined as HR-. BC subtypes were classified as follows: 1) HR+/HER2-; 2) HR+/HER2+; 3) HR-/HER2+; and 4) HR-/HER2-. 28, 29 NCT regimens, follow-up, and clinical outcome 
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Prognostic model for disease-free survival in breast cancer patients 5 years post surgery. Physical examinations were routinely conducted at follow-up visits, including blood tests, breast ultrasonography (US), abdominal US, gynecological US, and chest radiography, and a detailed medical history was taken. Mammography and magnetic resonance imaging were performed once every 1-2 years. Whole-body bone scan, biopsy, computed tomography scan, and positron emission tomography/computed tomography scans were conducted when appropriate. A relapse event was defined as the appearance of a newly detected local or regional relapse and distant metastasis. The primary study end point was DFS, which was determined from the date of surgery to relapse, second primary cancer, death, or the last follow-up.
12,21
Establishment of the nomogram
First, univariate Cox proportional-hazards regression (CPHR) analysis was performed to identify the association between each prognostic factor and DFS. The potential risk factors were entered into the multivariate CPHR analysis (p<0.05). Then, the nomogram was constructed based on the multivariate CPHR model, as well as by consideration of both the clinical and statistical significances of the variables.
Validation and calibration of the nomogram
External validation of the model was conducted by 1,000 bootstrap resamples in the FPHF cohort. The discrimination ability of the model for predicting DFS was estimated using the C-index. In addition, the C-index of the model was compared with that of the eighth edition of the AJCC TNM staging system. Calibration of the model for 3-and 5-year DFS was carried out by comparing the nomogram-predicted survival with the actual survival.
Risk stratification based on the nomogram score system
On the basis of the prognostic model, risk scores were assigned for each variable. Considering the total risk scores in the SYSMH cohort, the X-tile statistical software was used to choose the optimal cutoff values of risk scores. 30 Subsequently, the patients were classified as low-risk, intermediaterisk, and high-risk groups on the basis of the optimal cutoff values. The cutoff values were also used in the FPHF cohort to provide reliable risk stratification.
Statistical analyses
Descriptive analysis was performed for demographic and clinicopathological features. The optimal cutoff values of the risk scores were confirmed using X-tile. 30 Survival curves of different factors values were evaluated via Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate CPHR analyses were performed to screen the independent prognostic variables associated with DFS. Statistical significance was defined as p<0.05. Stata/MP, version 13.0 (StataCorp LP, College Station, TX, USA) and R version 3.4.1 were used for statistical analyses.
Results
Patient characteristics
The study participants comprised a total of 567 consecutive BC patients who underwent NCT, including the primary cohort from SYSMH (n=425) and the validation cohort from FPHF (n=142). The baseline characteristics of study patients are listed in Table 1 . There were 177 events over a median follow-up time of 68 months (range: 1.9-183.3 months) in the SYSMH cohort and 54 events over a median follow-up time of 66.9 months (range: 2.2-92 months) in the FPHF cohort. In the entire cohort, the 3-and 5-year DFS rates were 74.0% and 67.6%, respectively, by the Kaplan-Meier method. The pCR rates were 11.5% and 10.6% in the training and validation groups, respectively.
Independent prognostic predictors in the SYSMH cohort
The results of the univariate CPHR analysis are shown in Table 2 . Age (p=0.012), T stage (p<0.001), histological grade (p<0.001), N stage (p<0.001), ER status (p=0.022), Ki67 status (p<0.001), LVI (p<0.001), and pCR (p=0.018) were found to be significantly correlated with DFS. All the significant indicators in the univariate CPHR analysis were then entered into the multivariate CPHR analysis (p<0.05). The results of the multivariate CPHR analysis, listed in Table  2 , indicate that age, T stage, histological grade, N stage, ER status, Ki67 status, and LVI were independent prognostic factors (p<0.05).
Prognostic model for DFS
Considering the clinical significance of pCR, we included pCR in the final prognostic model, without impairing the discrimination ability of the nomogram. Thus, a novel nomogram that combined the significant independent prognostic predictors with pCR was developed (Figure 1 ). According to this model, T stage made the largest contribution to DFS, followed by LVI, ER status, histological grade, and N stage. By calculating the total score, oncologists could easily obtain 
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Assessment of the model
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Lai et al of 3-and 5-year DFS, in both the SYSMH and FPHF cohorts ( Figure 2 ).
Performance of risk stratification based on the nomogram score system
The point assignments and prognostic scores of each variable according to the nomogram score system are listed in Table 3 . The optimal cutoff points were confirmed using X-tile. Thus, we achieved effective risk stratification into three groups (low risk: ≤22.1; intermediate risk: 22.1-33.8; high risk: >33.8).
Additionally, Kaplan-Meier curves for DFS were constructed based on risk group stratification in both the training set and the validation set ( Figure 3 ). In the entire cohort, the 5-year DFS rates were 85.1%, 57.5%, and 11.1% in the low-risk, intermediate-risk, and high-risk groups, respectively.
Discussion
In the present study, we established and externally validated a novel prognostic nomogram for individualized DFS estimation and risk stratification in BC patients after NCT. On the basis of univariate and multivariate CPHR analyses, age, T stage, histological grade, N stage, ER status, Ki67 status, and LVI were screened as the independent prognostic predictors, consistent with previous reports on the prognostic factors for BC after NCT. [9] [10] [11] [12] More recently, a study with a large sample size (n=1,033) found that post-NCT LVI was a strong independent risk factor for poor survival and strongly recommended including LVI in NCT score systems. 9 We included LVI to improve the predictive accuracy of the nomogram, whereas previous models have ignored the predictive value of LVI for estimation survival. [10] [11] [12] A previous Korean nomogram was reported to predict the probability of 2-year relapse-free survival. 11 However, the Korean model did not taken into account histological grade and LVI as covariates, and the follow-up time was too short (<3 years). On the other hand, it should be noted that pCR was not an independent prognostic factor in our multivariate CPHR analysis. On the basis of both clinical and statistical significances, pCR was included without compromising the performance of the nomogram. 14 Recently, the Early Breast Cancer Trialists' Collaborative Group (EBCTCG) 2017 meta-analysis indicated that patients who underwent NCT might have a higher probability of local recurrence than patients who did not undergo NCT. 31 This finding suggested that a practical tool for predicting DFS in the NCT setting was imperative. To determine the generalizability of the model, it was necessary to assess the performance of the established nomogram. With regard to the discrimination ability, the C-index of our nomogram (0.738; 95% CI: 0.698-0.779) was superior to that of the AJCC TNM staging system (0.644; 95% CI: 0.604-0.684; p<0.01). This is not surprising, as the nomogram integrated more number of strong predictors to predict survival. Meanwhile, the calibration curves indicated an optimal agreement between the nomogram-predicted and actual probabilities of DFS, which confirmed the repeatability of our model. 14 Thus, both oncologists and patients could obtain accurate, individualized estimates of DFS after NCT by using our user-friendly nomogram, with high discrimination and calibration ability.
To date, there has been no clear consensus regarding optimal post-NCT therapeutic schemes, especially adjuvant chemotherapy. Moreover, uncertainty remains over how to identify post-NCT patients at high risk of relapse. In the risk group stratification in this study, significant differences were found among the survival curves of the three risk groups in the primary and validation cohorts (p<0.001). Unsurprisingly, patients in the low-risk group had better DFS than those in the higher risk groups. More importantly, screening subgroups of high-risk patients for poor DFS might have a positive effect on treatment strategies. For example, in low-risk patients, it may be preferable to tailor adjuvant chemotherapy regimens to reduce side effects, such as by using a low cumulative dose and fewer cycles of the chemotherapy drug, especially in older patients. Conversely, intermediate-and high-risk patients might require more cycles of adequately dosed adjuvant chemotherapy to achieve optimal therapeutic outcomes, especially in younger patients. Intensive follow-up may also be imperative for intermediate-and high-risk patients. In addition, the prognostic tool could enable more rational risk stratification of patients when designing clinical trials.
Several potential limitations of the current study should be acknowledged. First, there was a lack of data concerning the use of adjuvant chemotherapy, antihormonal therapy, and anti-HER2 therapy, which are the important predictors for survival. Thus, future studies should incorporate these prognostic factors to enhance the nomogram. Second, the sample size of this retrospective study was limited. There was difference between the primary and external validation cohorts, which might be due to the relatively limited sample size. Therefore, the prognostic nomogram presented here should be prospectively tested in future research using a larger sample size with adequate information on the applied NCT regimens, dose intensity, and postneoadjuvant therapy strategies. Third, molecular biomarkers were not available for the vast majority of patients in this study. Hence, reliable molecular biomarkers should be included in future research to improve the predictive accuracy of the nomogram. Fourth, the included patients were from two centers in the People's Republic of China, and the pCR rate was relatively low in this study. The most likely reason was that many patients with HER2-positive BC could not afford the high expenses of targeted therapy (trastuzumab), especially in the lowincome families, 32 since trastuzumab was not covered by health insurance until July 19, 2017 , in the People's Republic of China. Moreover, patients with HER2-positive BC were unable to receive treatment with trastuzumab until 2009 in the People's Republic of China. 32 These were the potential main causes for the low pCR rate in this study, which may have an influence on the nomogram. The prognostic model should therefore be validated in non-Asian patients before it is widely applied.
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Conclusion
We have developed and externally validated a novel prognostic model for predicting DFS in BC patients treated with NCT. This user-friendly tool could enable oncologists to more accurately predict survival for individual patients after NCT and identify high-risk patients in need of a specific therapeutic scheme.
